The objective of this work was to evaluate the inter treatment discrimination according to feed conversion efficiency in several animal performance experiments. The variables investigated were: feed conversion ratio (FCR = intake: production ratio), feed efficiency index (FEI = production: intake ratio) and bio-nutritional index (BNI). The BNI was constructed from the first canonical variable obtained based on the multivariate analysis of variance of the intake and animal production (weight gain or milk production) variables. The results indicated that FCR and FEI reciprocated each other at experimental plot level but did not reciprocate at animal group or treatment level. This fact implicates distortions on the descriptive levels of probability of type I error for hypotheses tests and compromises the statistical and animal production inferences. On the other hand, the BNI index guarantees the maximum discrimination among experimental groups and allows to identify significant differences, which were not observe with FCR or FEI indexes. This fact can be associated to the incorporation of animal production intensity characteristics using BNI.
Introduction
Research in animal feeding and nutrition is a dynamic process that search continuously for alternative diets that fullfill economical and/or nutritional requirements (Crampton, 1934; Guidoni, 1994) .
Although the list of response-variables in animal nutrition and performance studies is large and particular to each animal species, voluntary feed intake and production variables (e.g. weight gain, and milk, egg, and wool yields, etc) are the most studied topics in the majority of animal research.
However, inferences in animal nutrition usually require a index that indicates the efficiency of feed conversion to animal product. Therefore, these indexes can be generated by dividing feed intake per animal product unit (intake:production ratio), called feed conversion ratio (FCR) or by dividing animal production per feed intake unit (production: intake ratio), called feed efficiency index (FEI).
The FCR and FEI are response-variables largely used in researches associated with both animal nutrition and production. However, some important aspects in which statistics and animal variables interact are commonly disregard and as result may compromise inferences from FCR and FEI.
Voluntary feed intake and animal product are mutually correlated continuous random variables that follow the normal probability distribution (Guidoni, 1994) . If this is true, the formation of a new variable from intake:production ratio, consisting of a non-linear combination, will lead to distortions on the statistical procedures and inferences in situations where strict conditions are not achieved. Among these conditions are a positive linear relationship with a null intercept and heterogeneous variances that must be proportional to the magnitudes of both original variables (Weill Jr., 1962) . Furthermore, the ratio between two variables with normal distribution may not show normal distribution. In this case, it approaches the nonparametric distribution of Cauchy. In this context, the majority of statistical methods employed in the discrimination among experimental groups are applicable only to variables that are normally distributed and with homogeneous intra-group variances. Thus, the comparative evaluation through ratios may result in sophisms about statistical inferences.
Generation of a variable using either the intake: production or production: intake ratios implies that all ingested feed is converted to animal product. However, this assumption does not take into account that a significant portion of feed is utilized for maintenance requirements. Thus, variations in the portion of feed used for maintenance of basal metabolism will imply in biases that may not be easily detected if animal production inferences are made from FCR or FEI.
Furthermore, the use of both FCR and FEI seems to have limited application in conditions where extremely low intakes or absent or negative productions are observed. In the case of negative production, the situation is worse because negative weight gains imply in incoherent biological values for FCR and FEI. In addition, lack of production generates a mathematical indetermination about the FCR estimates.
On the other hand, different from FCR and FEI, the linear combination of two normally distributed variables produces a new variable with normal distribution (Fonseca & Martins, 1982) . Thus, any linear combination between animal production and voluntary feed intake will result in a new onedimensional and normally distributed random variable that will encompass their characteristics. In this way, the linear combination between these variables, which is made under certain statistical principles has been indicated as an analytical alternative to the ratio indexes in comparative evaluation of nutritional efficiency. This variable is called first discriminant canonical variable or just first canonical variable (FCV) (Guidoni, 1994) .
The FCV is composed of an optimized linear combination of a multiple measures group that is better than any other linear combination allowing the discrimination among classes or groups (Fisher, 1938) . This maximizes the variations among classes or groups and minimizes the intra-group variation (residual variance) (Fisher, 1936) .
The FCV composed of voluntary feed intake and animal production was named the bio-nutritional efficiency by Euclides Filho et al. (2001) and then bio-nutritional index (BNI) in the present work. In spite of its statistical advantages over the FCR and FEI, application of FCV has been restricted to few studies with poultry (Guidoni, 1994) and beef cattle (Euclides Filho et al., 2001 Gesualdi Jr. et al., 2003) in Brazil. Thus, few comparative data among these different indexes are present in the literature, which restrict the knowledge and the methodological and discursive divulgation about using BNI in animal trials.
Therefore, the objective of this work was to compare the efficiency of feed conversion to animal products in several production trials using FCR, FEI and BNI. It was of particular interest to discuss some methodological and inference aspects associated to using the BNI.
Material and Methods
Data used in the statistical analyses were obtained from two different experiments with poultry (Andreotti, 2002) and from three trials with cattle (Resende et al., 2000; Vittori et al., 2001; Sousa et al., 2002) , that reported dry matter intake and weight gain or milk production. It is important to emphasize that the statistical analyses done in the present work preserved the majority of the original analyses. Refer to the original references for more details about the experimental procedures and the biological interpretation of the results.
Experimental descriptions summary Experiment 1 -Andreotti (2002)
The experiment was conducted with 1200 twenty-one-days-old Cobb breed male chickens with initial average weight of 868 g. Animals were housed in 30 boxes equipped with semi-automatic tubular feedbins and pendular water source and had ad libitum access to feed.
Diets were formulated to be isonitrogenous and isoenergetic, all containing corn grains and soybean meal plus one of six lipid sources: T1 -pork oil; T2 -canola oil; T3 -chicken oil; T4 -sunflower oil; T5 -corn oil; or T6 -soybean oil. Both feed intake and weight gain were measured from day 21 to 42.
The experiment was analyzed as a completely randomized design with six treatments and five replications each (box with 30 birds).
Experiment 2 -Andreotti (2002)
The experiment was carried out with 840 twentyone-days-old Cobb breed male chickens, with average initial weight of 870 g. Animals were housed in 24 boxes equipped with semi-automatic tubular feedbins and pendular water source and had ad libitum access to feed. Diets were formulated to be isonitrogenous and isoenergetic and had different concentrations of soybean oil on as-fed basis: T1 -0%, T2 -3.3%, T3 -6.6%, and T4 -9.9%.
Both feed intake and weight gains were measured from day 21 to 42. The experiment was analyzed as a completely randomized design with four treatments and six replications each (box with 35 birds).
Experiment 3 -Resende et al. (2000)
The experiment was conducted using 56 young bulls from the following genetic groups: Nellore, Guzera, Gyr and Caracu. With the exception of one out of two Nellore groups, all other genetic groups were submitted to selection based on the body weight at 378 days of age.
Animals were fed isonitrogenous diets containing corn silage and concentrate that were fed in two forage: concentrate ratios on a dry matter basis (60:40 or 40:60). Animals were slaughtered when they achieved 4 mm of fat thickness in the 12 th /13 th rib height that was estimated by ultra-sonography.
The experiment was carried out as a completely randomized design with a 2 x 5 factorial arrangement (two forage:concentrate ratios and five genetic groups). Bulls were stall housed either individually or in pairs. When in pairs, both feed intake and average weight gain were collectively computed. Thus, stall was the experimental unit. Replications for the different treatments ranged from two to four leading to a total of 30 experimental plots.
Experiment 4 - Vittori et al. (2001) The trial was done using 86 bulls or steers from the following genetic groups: Nellore, Guzera, Gyr, and Caracu. With the exception of one out of two Nellore groups, all other genetic groups were submitted to selection based on the body weight at 378 days of age. Animals had free acess to a diet containing a corn silage to concentrate of 60:40. Animals were slaughtered when they achieved 4 mm of fat thickness in the 12 th / 13 th rib height that was estimated by ultra-sonography.
A completely randomized design with a 5 x 2 factorial arrangement (five genetic groups and bulls or steers) was used in Vittori el al. (2001) trial. Animals were stall housed either individually or in pairs. When in pairs, both feed intake and average weight gain were collectively computed. Thus, stall was the experimental unit. Replications for the different treatments varied from three to five leading to a total of 41 experimental plots.
Experiment 5 - Sousa et al. (2002) Twelve Holstein dairy cows were blocked by days in milk and randomly assigned to three 4 x 4 Latin squares with 21 days period (14 days for diet adaptation and 7 days for sample collection). Cows were individually fed twice a day after milkings. Diets were formulated to be isonitrogenous containing (dry matter basis) a forage to concentrate ratio of 60:40. The following treatments were used: corn silage (T1), all sugar cane (T2) and replacement of sugar cane with 7% (T3) and 14% (T4) by whole cotton seed. Urea and ammonium sulphate (9:1) were mixed with sugar cane in a proportion of 100:1 (as-fed basis).
The multivariate analyzis of variance (MANOVA) (Johnson & Wichern 1998 ) was used to analyze all five trials. The experimental design of each trial was mantained except in experiments 3 and 4 where the factorial arrangment was removed from the analysis. The following models were used:
where: ijkl Y ij = vector of response variables (weight gain and feed intake); ~ = vector of general constants;
= vector of i th treatment effects; = vector of j th Latin square effects; = vector of effects of the k th period nested to the j th Latin square; = vector of effects of the l th animal nested to the j th Latin square;
= vector of interaction effects between the i th treatment and the j th Latin square; and or = vector of random errors which were presupposed of the bivariated normal distribution with vector of averages and variances and co-variances matrix Σ.
From the information generated by the MANOVA, the eingenvalues associated with the "treatments" sums of squares matrix were obtained by the characteristic equation (Harris 1975; Cruz & Regazzi, 2001 ):
(3);
where: E -1 = common inverse matrix of the residual sums of squares; H = matrix for the "treatments" sums of squares; λ = canonical eingenvalue; and I = identity matrix.
λ From the higher canonical eingenvalue obtained through the characteristic equation (3), the correspondent non-normalized eigenvector was estimated through the solution of the following equation system (Searle, 1966 ):
(4); where: λ 1 = higher canonical eigenvalue;
= nonnormalized eigenvector associated to the higher canonical eingenvalue; a and b = canonical coefficients; and E -1 , H e I = as defined before.
Afterwards, the normalization of the eingenvector obtained in (4) was obtained according to the restriction:
(5);
where: = normalized eingenvector associated to the higher canonical eigenvalue; a' and b' = canonical coefficients of the normalized eingenvector ; and E = matrix of residual sum of squares.
From the normalized canonical eingenvector coefficients defined in (5) a new variable named FCV or BNI was produced:
(6); where: DMI = dry matter intake; PROD = animal production (weight gain or milk production); and a' and b' = as defined before.
The BNI, FCR and FEI were all submitted to a univariate analysis of variance according to the models described in (1) and (2) taking into account the factorial arrangement of experiments 3 and 4.
Results and Discussion
According to the assumptions of the performance experiments, the equivalence between the ratio indexes of the feed transformation efficiency to animal product is verified through the relation: (7) Although this relation can be easily verified at experimental unit level such equivalence cannot be maintained at the group or treatment level evaluation.
Thus, the computation of the individual observations for FCR and FEI can provide different productive efficiency estimates. This fact can be proven by verifying the divergences between the arithmetic mean of FEI observations and the reciprocal of arithmetic mean of FCR (Table 1) . These divergences seem to be more evident in the experiments done with cattle (possibly caused by the lower experimental precision of cattle trials compared to poultry trials) suggesting that the ratio indexes are not able to evaluate production trials similarly.
The evaluation based on the reciprocal equivalence between FCR and FEI (Equation 7) does not consider the fact that the point estimator for FCR is the arithmetic mean but it will not be for its reciprocate, which is correctly estimated by the harmonic mean (Guidoni, 1994) . This relation is supported by the exact convergence between the FEI estimates obtained through the reciprocate of FCR arithmetic mean and by the harmonic mean of the observations in all experimental results presented in Table 1 .
Therefore, according to Guidoni (1994) if the harmonic mean is smaller than the arithmetic mean the use of FCR will underestimate whereas the use of FEI will overestimate animal performance. Such behavior can compromise the productive inferences obtained from these indexes.
The coefficients used in the BNI for each experiment and the relative importance of the higher eingenvalues (RIE) are shown in Table 2 . The RIE indicates the fraction of total discrimination power among experimental treatments/groups, which was kept after reduction of Euclidian space of comparison from two (feed intake and animal production) to one dimension only (BNI).
Thus, the high discrimination power associated with the BNI in all experiments can be confirmed (Table 2) generating an initial prerogative over the BNI based on the small information lost in the transition to the univariated context, that is associated with an elevated analytical gain.
To better understand coefficients presented in Table 2 , a short analytical approach must be done.
The majority of animal performance experiments has a complex experimental structure with factorial arrangements (e.g. Experiments 3 and 4) or by using decomposition of the treatments sum of squares in orthogonal components (e.g. Experiment 5). Under these circumstances and in an analytical point of view, more than one sums of squares matrix associated with the known sources of variation with experimental interest (matrix H -Equation 3) can be evaluated (e.g. principal factors, interactions, orthogonal contrasts, etc). As a consequence, each matrix will allow the building of a FCV that will be applicable to the maximum discrimination among groups according to the evaluated source of variation (Harris, 1975) .
Therefore, an experimental-analytical problem is to identify the source of variation that will provide the basic matrix to obtain the BNI. The use of several BNI associated with each source of variation originated from the decomposition of the treatments sums of square does not constitute a rational solution and have no contribution to the operational gain obtained with the reduction of the Euclidian space of discrimination from two to one dimension.
On the other hand, an alternative analytical approach is the use of the matrix associated with the "treatments" source of variation to estimate BNI (Harris, 1975) . In this case, only the basic structure of the statistical design (e.g. completely randomized design, Latin square design, randomized complete block design, etc) is used to estimate BNI rather than the complex experimental structures (e.g. factorial arrangement and orthogonal contrasts). The statistical arrangement would be used only after obtaining BNI estimates in univariate analysis. This was adopted to interpret the experiments described in this study. In this context, the utilization of the matrix of "treatments" sums of squares as the H matrix (Equation 3) allows higher discrimination among experimental groups according to the design adopted to the experiment. Thus, global tendencies about the other sources of variation would consequently be emphasized by the estimated discriminating function if their effects were significant.
These arguments support a pattern to the general analytical proposal to obtain BNI. However, some authors have estimated the BNI based on the interaction sums of squares matrix in experiments with factorial arrangements (Euclides Filho et al., 2001 . It is obvious that such option does not compose an analytical sophism but emphasizes that a standard analytical procedure becomes necessary to guarantee better precision in the comparison of inferences obtained in different trials.
The statistical results for the Experiments 1, 2, 3, 4 and 5 are shown in Tables 3, 4 , 5, 6, and 7, respectively. Overall, independent of the experiment analyzed, it were observed divergences among the descriptive probability levels for the type I error in the different sources of variation evaluated using the FCR and FEI (Tables 3 to 7) . Such behavior associates one more incoherent interpretation of the pre-supposed similarity among these indexes. Guidoni (1994) affirmed that this fact constitutes enough argument to establish that the statistical hypotheses tested by FCR and FEI are different and can interfere in the inference making when the descriptive levels of probability put themselves near the established critical limit (α).
Although the structure of the hypotheses for FCR and FEI is done similarly in an individual context, data restructuring caused by the reciprocate transformation can imply in an alteration of the residual structure, deviating the probability levels, causing the hypothesis tests to be statistically not equivalent. These aspects add to the list of compromising inferences to be obtained based on ratio indexes.
On the other hand, the results obtained in Experiment 1 (Table 3) permit to initially illustrate two important aspects associated with the BNI.
First, the high retention of discrimination aspects among groups associated with the BNI allowed the verification of differences among treatments that was Table 1 -Estimates of average dry matter intake (DMI -kg), weight gain (WG -kg), daily milk production (DMP -kg), feed conversion ratio (FCR) and feed efficiency index (FEI) obtained by arithmetic mean (AM), harmonic mean (HM) and reciprocal of the arithmetic mean of feed conversion ratio (REC), and bio-nutritional index (BNI) for overall treatments of the experiments 1 to 5 not observed when using FCR and FEI (Table 3) . A similar behavior was also observed for the results of Experiments 4 and 5 (Tables 6 and 7, respectively). Then, it becomes important to bring into prominence that the discrimination by using BNI does not give an inter-groups difference, but only equalizes the linear combination among the original variables so that one can obtain the maximum value of calculated F statistic (Harris, 1975) . This optimizes the discrimination based exclusively on the original information and makes clear the real divergences among the groups.
Second, the information obtained from the results in Experiment 1 allows to point out another apparent animal production advantage associated with BNI. Considering the treatments 2 and 5, opposite extremes of multiple comparisons profile for BNI (Table 3) , it can be observed that, although it shows distinctions in relation to this variable, they have a numerical similarity with FCR and FEI. A more detailed analysis of the information on Table 1 reveals that although the feed is converted in a similar ratio, the animals on treatment 5 showed greater intake and weight gain characterizing greater production intensity.
In a hypothetical example, two animal groups with intakes of X and 2X, and weight gain of Y and 2Y, respectively, would have same FCR and FEI but different BNI. This discriminating aspect in relation to the production intensity associated with BNI has direct consequences to the interpretation from an animal production point of view. Even using feed similarly, animals with greater production intensity will be more productive per units of time and physical space. In the long term, differentiation in other productive efficiency aspects through a possible dilution of maintenance requirements in a systemic may be verified. Therefore, the discrimination through BNI is wider than FCR and FEI because it incorporates animal development intensity elements not perceptible by using these ratio indexes.
In Experiment 2 there were similarities in the inference based on the hypothesis associated to the "treatments" effect and their orthogonal components from different indexes with a convergence to the second order effect of soybean oil levels in the diets (Table 4 ). However, the evaluation of the data through least square regressions indicated distinct critical points for each index. These were over the 7.92%, 8.03%, and 9.41% of soybean oil concentrations for the FCR, FEI and BNI, respectively.
Once more the different critical points observed between FCR and FEI, emphasize the fact that these indexes, although considered equivalent may produce divergent inferences (Guidoni, 1994) . On the other hand, the oil concentration of the more elevated critical point for BNI can possibly be supported by the incorporation of discriminating elements associated with the animal production intensity (Table 1) . However, more physiological details need to be added to better support this behavior.
The behavior observed in the Experiment 3 (Table 5 ) showed itself to be similar to the aspects observed in the Experiment 1. The high discriminatory capacity associated to the BNI (Table 2) allowed verify the significance associated with the principal effects of factorial arrangement. From the results obtained in the Experiment 4 (Table 6) , a discussion about other aspects related to BNI estimation and interpretation becomes necessary. As it can be seen from Table 6 , the behavior of BNI was inverse from that observed in other trials, that is, the greatest BNI estimate indicated the least productive efficiency.
In heuristic terms, the linear combination of intake and production equalized from the MANOVA information has the objective of maximizing the discrimination among the experimental groups (Harris, 1975) . Assuming this, it can be verified that the index generated by the linear combination cannot be considered, in any situation, an absolute comparison measurement since such value is dependent on the behavior and structure of the evaluated data. Therefore, variations in dimension and dispersion of intake and production variables as well as in the discrimination power among the groups shown for each of these variables will influence directly the new variable dominium. However, the maximum intra-experimental discrimination is guaranteed.
Thus, inversions in the direction and differences in the BNI modulus are common; however, they do not disqualify the obtained inferences because its use has an exclusive discrimination aim. In this context, it should be pointed out that the BNI should be seen only as a discriminatory index and never as an absolute measure of the productive efficiency. In this situation, the maintenance of either FCR or FEI plus BNI will identify more clearly the new variable direction and will provide, yet under the light of the experimental methodologies adopted an interexperiment confrontation element.
However, it is important to consider that the inferences should be preferably based on the BNI, because it gives more statistical security in the identification of the most efficient groups, treatments or factor levels.
On the other hand, the variation of values and modulus of BNI from different data sets was the reason for it not been called bio-nutritional efficiency (Euclides Filho et al., 2001) in this work. The efficiency term should be used when a mathematical scale and reference values for comparison among groups or experiments are defined. Therefore, the mathematical inter-experimental variation of the first canonical variable does not characterize a true efficiency value, but only a discriminatory index.
Furthermore, the results shown in Table 6 indicated that even obtaining similar inference from analysis of variance based on FEI, FCR and BNI, the discriminatory power of this last index is also observed in additional statistical procedures. In this way, among the genetic groups evaluated, the discrimination by multiple comparisons based on FCR and FEI allowed the identification of two groups whereas three groups were distinguished from the information provided by BNI ( Table 6 ). The results obtained in Experiment 5 (Table 7 ) once more emphasize the high discriminatory power associated with the BNI. This was already observed in the results of Experiments 1, 2 and 4. The use of FCR and FEI did not imply in a detection of a significant result associated with the different orthogonal contrasts. However, applying the BNI approach allowed not only to differentiate the roughage sources (corn silage versus sugar cane) but also to detect a quadratic effect related to the replacement of sugar cane with cottonseed (Table 7) .
Conclusions
The feed conversion ratio and feed efficiency index do not provide similar inference about efficiency of animal production and may compromise experimental conclusion.
Conversely, the use of the first canonical variable, called bio-nutritional index, guarantees the maximum discrimination among the experimental groups.
Furthermore, the bio-nutritional index concept showed to be broader than those applied to the feed conversion ratio or feed efficiency index because it also incorporates elements related to the animal production intensity. Thus, the application of this index is recommended with the objective of discriminate experimental groups in relation to the animal production efficiency. 
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